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The present paper addresses the numerical prediction of the behavior of a ground and a reservoir dyke with a retaining wall at the site of
a regulating reservoir whose soft soil foundation is improved by using both the usual embankment preloading and vacuum consolidation.
To evaluate the settlement, the lateral deformation, and the dissipation of pore pressure during vacuum preloading, a numerical analysis using an
elasto-plastic FEM for soil–water coupled problems, incorporating the SYS Cam-clay model, is carried out in two dimensions. However,
a change in the soil parameters during the vacuum preloading leads to a less accurate computation. To account for the uncertainties in the input
parameters of the constitutive model for the improved ground, an inverse analysis approach is adopted. The particle ﬁlter is used to identify the
compression index of the clay layers and the coefﬁcient of permeability of the organic soil layer based on the measured settlement at the bottom
of the preloading embankment during the vacuum consolidation. The reservoir dyke with a retaining wall is constructed on an improved
foundation after removing the preloading embankment, and an attempt is made to predict its performance after construction by an elasto-plastic
FEM for soil–water coupled problems using the identiﬁed parameters.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Geotechnical engineers face several difﬁculties when designing
embankments over soft soil. These difﬁculties are related to the
weak geotechnical properties of soft soil (Hayashi et al., 2012).
Vacuum consolidation is herein applied to the ground improve-
ment of the soft soil foundation of a regulating reservoir as one of
the available techniques to overcome such difﬁculties. Due to the
complexity of evaluating the correct magnitude of the soil
parameters of the improved ground, problems such as the challenge0.1016/j.sandf.2014.09.008
4 The Japanese Geotechnical Society. Production and hosting by
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nder responsibility of The Japanese Geotechnical Society.of accurately predicting the displacements and the pore pressure
during/after vacuum preloading arise. It is not easy to obtain
appropriate soil parameters based purely on the experience of
engineers. A reliable, computerized procedure for the inverse
analysis, using the measured settlement in the practice of vacuum
preloading, is desirable for reevaluating a set of parameters within
the constitutive model for soil layers based on laboratory tests prior
to construction. It is expected that the numerical prediction, using
the identiﬁed parameters for the subsequent behavior of the
regulating reservoir embankment over an improved ground, can
be performed with higher accuracy.
The vacuum consolidation method is a technique for applying
vacuum suction to a soft ground in order to reduce the pore water
pressure in it. This method is combined with air-tight sheets andElsevier B.V. All rights reserved.
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process. For the foundation of the regulating reservoir, embank-
ment preloading is simultaneously applied to shorten the con-
solidation period, in addition to the application of vacuum
pressure. The vacuum consolidation method was originally
introduced by Kjellman (1952) for cardboard wick drains.
Successful applications to vacuum-induced consolidation have
been reported, e.g., Philadelphia International Airport (Holtan,
1965), Tianjin Port, China (Choa, 1990), Balina Bypass, Australia
(Yan and Chu, 2003), etc. Several studies on the vacuum
consolidation method have been continued up to the present
(Indraratna et al., 2010), for example, empirical and numerical
studies in conjunction with PVDs (Chai et al., 2010;
Saowapakpiboon et al., 2011) and the smear zone in the
immediate vicinity of PVDs (Indraratna and Redana, 2000) have
been investigated. However, the mechanisms of vacuum preload-
ing are still not fully understood, and changes in the soil
parameters can be found, which are assumed to be constant for
individual layers at the ﬁnal state under vacuum preloading
(Robinson et al., 2012). To obtain better knowledge of the
mechanisms of improved grounds and to predict with higher
accuracy their deformation behavior after the improvement, FEM
for soil–water coupled problems, incorporating an elasto-plastic
constitutive model, should be implemented using reevaluated
parameters based on the measured behavior of the ground during
vacuum preloading.
An inverse analysis is a useful tool for reevaluating
parameters during the construction sequence, based on ﬁeld
measurements, to overcome many sources of uncertainty (Kim
and Sitar, 2013) when identifying the inherent soil variability,
the initial/boundary conditions and the soil parameters of the
constitutive model. In the broader ﬁeld of geotechnics, inverse
analyses have been applied to a wide variety of problems since
the 1980s, and several of the latest works, e.g., Arai et al.
(1986), Tien et al. (2007), Wang et al. (2007), and Karim et al.
(2011), cover the literature review for embankments therein.
Identiﬁcation for excavation problems, such as tunnel con-
struction projects and deep excavations, has been investigated
by Hashash et al. (2010), Mathew and Lehane (2013), and
Moreira et al. (2013). Obrzud et al. (2011), Pourtaghi and
Lotfollahi-Yaghin (2012), and Knabe et al. (2013) have
examined several laboratory tests and in situ experiments.
Some studies of slope problems have been published by
Kojima and Obayashi (2006) and Zhang et al. (2010), and
research on sheet pile walls using the genetic algorithm has
been reported by Levasseur et al. (2009). Inverse problems in
geotechnical practice have been numerically solved by several
means; however, difﬁculties still remain in identifying the
elasto-plastic parameters due to the nonlinearity of the
materials, i.e., for elasto-plastic materials, the current deforma-
tion does not have a one-to-one correspondence with the stress
state at the same moment, but depends on the stress/loading
path from the initial stage to the current stage.
Then, both the observation of the deformation and full
knowledge of the stress/loading history are necessary for the
parameter identiﬁcation of the elasto-plastic constitutive model
for geomaterials. The authors of related literature have tried toidentify the parameters, such as Young's modulus, the friction
angle, the coefﬁcient of earth pressure at rest, poroelastic
parameters, and so on, by minimizing the objective function by
means of the gradient method, GA, and a sensitivity analysis
(Levasseur et al., 2009; Yu et al., 2011; Papon et al., 2012).
Some of them considered the deformation associated with the
stress/loading history from the initial stage up to the current
stage for the identiﬁcation of the plastic parameters. Finno and
Calvello (2005) have presented an optimization method for the
constitutive parameters to update predictions of lateral move-
ments at excavation sites where the stress is gradually released
with the progress of the excavation. In their paper, the
constitutive parameters are successfully identiﬁed using actual
lateral movements considering the stress history. Finno and
Calvello employed the nonlinear elastic model as the consti-
tutive equation, while the elasto-plastic constitutive model is
used in this paper. Sequential data assimilation techniques,
such as the particle ﬁlter, PF (Gordon et al., 1993; Kitagawa,
1996; Higuchi, 2005), are prospective approaches for this type
of inverse problem, because the time evolution of state
variables, i.e., displacement and pore pressure for geotechnics,
under controlled input, like external loading, is incorporated
into the system equation in a rational manner without any
limitations. The PF can easily deal with nonlinear state
equations and is robust when employing the Monte Carlo
method in conjunction with a numerical simulation, e.g., the
FEM for soil–water coupled problems with an elasto-plastic
model (Shuku et al., 2012; Murakami et al., 2013).
The goal of this paper is to predict the foundation ground
and the dyke behavior of a regulating reservoir. This is done
by means of the soil–water coupled FEM with an elasto-plastic
constitutive model using parameters identiﬁed by the PF
through the measured settlement of the foundation ground
under vacuum consolidation with embankment preloading.
The SYS Cam-clay model is adopted, apart from the previous
work (Murakami et al., 2013), to explain the behavior of the
improved soft soil with a high water content and a decaying
soil structure. The rest of the paper is organized as follows.
First, descriptions of the construction project, the soil inves-
tigation results, and the ﬁeld observation are provided. In the
next section, the settlements of a foundation under vacuum
consolidation are evaluated using the PF. Comparing the
simulated results with the observation data, the practical
effectiveness of the methodology based on the PF is discussed.
Subsequently, a prediction of the surface deformation and the
displacements at the crown of the precast retaining wall is
performed using the identiﬁed parameters. After the removal of
the preloading embankment and the vacuum pressure, the
behavior of the ground heave is also simulated and the amount
of displacement of the precast retaining wall, which may occur
on the ground in the future, is predicted. The conclusion
follows in the ﬁnal section.
2. Construction process of regulating reservoir
The foundation of a regulating reservoir, consisting of
alternate layers of clay and organic soil, was improved by
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954940the vacuum consolidation method with a preloading embank-
ment to increase the strength of the ground and to accelerate
the rate of consolidation within a short period of construction.
After completing the vacuum consolidation, the preloading
embankment was removed and a reservoir dyke with a precast
retaining wall was constructed.2.1. Construction sequence and ﬁeld measurements
Fig. 1 shows a plan view of the regulating reservoir
subdivided into 48 blocks under vacuum consolidation with
the preloading embankment. To monitor the settlement and the
pore water pressure of the foundation soil, several instruments,
such as vacuum pressure gauges, piezometers, hydrostatic
settlement cells, different settlement gauges, and settlement
plates, were installed in the 48 blocks, as presented in Fig. 2.
Not all the observation devices were installed over the entire
reservoir; only seven devices of the corresponding blocks were
used in the computation. The measurements of two vacuum
pressure gauges and a piezometer were applied to a hydraulic
boundary condition in the target block. Two observation
devices among the remaining four were used to identify the
parameters for the settlement near the embankment. The other
two devices were installed apart from the embankment
and were not suitable for parameter identiﬁcation. This is
because the pumping schedules of their neighboring blocksFig. 1. Plan view of re
Fig. 2. Placements of obswere different from each other, and therefore, would have
affected the resulting settlement.
A selected portion, indicated by the dark shaded area in
Fig. 1, is modeled instead of the full reservoir in order to save
computational time. The target area for this numerical analysis
was assumed to be ﬁve times as wide as the embankment in
order to avoid the inﬂuence of the lateral boundaries. The light
shaded area, surrounding the reservoir, implies the location
where the preloading embankment was constructed. The dotted
line along the embankment indicates the center line of the cut-
off wall under the ground.
Fig. 3 depicts the problem geometry of the vertical sections
of the selected portion along with different stages of the
construction sequence. Fig. 3(b) describes how the vacuum
pressure was applied to the foundation in Fig. 3(a) under the
construction of the preloading embankment. To prevent air and
water leakage, a cut-off wall was constructed by means of the
dry jet mixing method around the construction area,
616 m 228 m, where a total of 254,269 vertical drains were
installed at intervals of 0.8 m. A sand mat, 0.5 m in thickness,
and air-tight sheets were placed on the ground surface, thereby
sealing the horizontal drains which connect each vertical drain.
Prior to the construction of the preloading embankment,
shallow soil stabilization was carried out under the embank-
ment to maintain sufﬁcient trafﬁcability of the ground surface.
Subsequently, the 48 vacuum pumps, connected to the vertical-
drains of the 48 blocks, started to work in each block,gulating reservoir.
ervation instruments.
Fig. 3. Construction process. (a) Initial state, (b) during construction of preloading embankment and application of vacuum pressure, (c) completion of preloading
embankment, (d) removal of embankment, (e) construction of precast retaining wall and (f) completion of backﬁll.
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construction of the preloading embankment was started, as
shown in Fig. 3(b). After the construction of the preloading
embankment, seen in Fig. 3(c), the vacuum pumping was
interrupted and the preloading embankment was removed, as
seen in Fig. 3(d). Finally, the 5.1-m-high precast retaining wall
with backﬁll was constructed, as shown in Fig. 3(e) and (f).Construction of the backﬁll, shown in Fig. 3(f), was begun with
the completion of the precast retaining wall, as seen in Fig. 3(e).
After the construction of the dyke with the precast retaining
wall, the vertical and horizontal displacements were measured at
the crown of the wall; they are compared with the FEM
computation using the identiﬁed parameters in a subsequent
chapter.
Fig. 4. Test points of rotary drilling and piezocone penetration test. (a) Piezocone penetration test points and borehole locations and (b) computation of uniaxial
compressive strength and pore pressure at arbitrarily point.
T. Shibata et al. / Soils and Foundations 54 (2014) 938–9549422.2. Soil investigation results
To examine the soil proﬁles and to determine the material
properties, a soil investigation was carried out by means of
rotary drilling and piezocone penetration tests prior to the
construction. Totals of 6 boreholes and 90 piezocone penetra-
tion tests were performed at 50-m grid intervals, as shown in
Fig. 4(a). Piezocone penetration tests give the uniaxial
compressive strength and the distribution of excess pore water
pressure, which in turn provide the soil proﬁles of the clay and
sand layers. From the results of the rotary drilling, the clay
layers were classiﬁed into two layers: clay and organic soil.
When the uniaxial compressive strength or the pore water
pressure at an arbitrary point is necessary, its value, q, is
approximated from the neighboring measured data within the
area described with the dashed circle (see Fig. 4(b)), which is
referred to as the domain of inﬂuence. Thus, the following
equation can be expressed as:
q¼ ∑
n
i ¼ 1
qi D0Dið Þ
 
= ∑
n
i ¼ 1
D0Dið Þ ð1Þ
where qi is the ith uniaxial compressive strength or the pore
water pressure within the domain of inﬂuence, Di is the
distance between the arbitrary point and the point within thedomain of inﬂuence, D0 is the radius of the domain of inﬂuence,
which is equivalent to the grid interval of the piezocone penetration
tests, and n is the number of points within the domain of inﬂuence.
Unit weight γ, compression index λ, and swelling index κ are
determined from laboratory tests. Based on the laboratory tests,
the physical properties of the four clay layers can exhibit similar
characteristics. And thus, for simplicity, all the clay layers are
then supposed to have the same material properties. For the
subsequent identiﬁcation of the soil properties, the total number
of unknown soil parameters should be reduced under the
assumption that the relationship of the soil parameters is deﬁned
as the ratio of the two indices. In this paper, the test results have
exhibited the normally-distributed histogram for the ratio of the
compression index to the swelling index, λ/κ, shown in Fig. 5(a),
which suggests a strong correlation between the compression
index and the swelling index. Therefore, the swelling index can
be determined based on the compression index to be identiﬁed in
the clay and the organic soil, and the mean values of the indices
are adopted in order to determine the initial guess for the
identiﬁcation appearing in the next chapter.
The equation for the critical state line, based on the
laboratory test results, is expressed as follows:
v¼Gλ log p0 ð2Þ
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Fig. 7. Finite element mesh, boundary conditions a
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equation, and p' is the mean effective stress. As for both the
clay and the organic soil, the interrelation between Γ and λ can
be denoted as the following ﬁtting equation of the experi-
mental data, as seen in Fig. 5(b):
Γ ¼ 2:110þ3:10λ ð3Þ
Substituting Eq. (2) into Eq. (3) yields
v¼ 2:110þλ 3:10 log p0ð Þ ð4Þ
The one critical state line for the two types of soil, which
passes through point log p' of 3.10 and ν of 2.110, is obtained
from Eq. (4). In this paper, it can be assumed that the
compression index of the clay varies directly with that of the
organic soil along the critical state line while containing the
point, as described later.
3. Setup for inverse analysis
The identiﬁcation of the goemechanical parameters for the
clay and organic soil layers of the foundation soil by the PF is
carried out using the settlement measured beneath the preload-
ing embankments for the construction period of vacuum
pumping, i.e., until the end of the vacuum pressure application
shown in Fig. 3(a)–(c). As the next stage of computation, the
numerical prediction using the identiﬁed parameters is eval-
uated for the behavior of the reservoir dyke after examining the
accuracy of the FEM computation for the construction period
of vacuum pumping.
Fig. 6 presents the soil proﬁle of the vertical section to be
analyzed based on the soil investigation and Eq. (1). The
foundation soil is composed of alternate layers of clay, organic
soil, and sand which are modeled as elasto-plastic materials.
Fig. 7 depicts the adopted ﬁnite element model consisting of
2554 four-node isoparametric quadrilateral elements with full
integration and boundary conditions in which the width of the
element corresponds to the interval of the vertical drains and
the placement of the observation instruments. Two available
observation points are shown as Op1 and Op2 in the ﬁgure.
One point, Op1, lies beneath the preloading embankment and
the other point, Op2, is aligned 13.6 m away from Op1.
Undrained conditions are imposed on the left side of the
ground, because the cut-off wall is placed along the left side.
Permeable boundary conditions are assumed on the bottom and
on the right side, and the pore water pressure of the ground
surface is set to be 0 throughout the analysis. The depth proﬁlend placement of observation instruments.
Fig. 8. Depth proﬁle of initial stress.
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Table 1
Soil parameters.
ν γ (kN/m3) k (cm/s) 1=R0 1=Rn0 M e0
Clay/Silt 0.4 14.5 1.0 109 1.429 2.4 1.2 2.2
Sand 0.3 17.7 1.0 106 1.429 2.4 1.36 0.821
Organic soil 0.45 11.8 (2.0 106) 1.429 2.4 1.0 4.921
Topsoil 0.3 14.5 1.0 108 1.429 2.4 1.2 2.2
Embankment 0.3 14.5 1.0 109 1.429 2.4 1.2 2.2
λ κ m a b, c br mb
Clay/Silt (0.740) (0.09) 2.5 0.2 1.0 0 0
Sand 0.07 0.009 0.01 0.1 1.0 0 0
Organic soil (3.340) (0.539) 2.5 0.2 1.0 0 0
Topsoil 0.740 0.09 2.5 0.2 1.0 0 0
Embankment 0.740 0.09 2.5 0.2 1.0 0 0
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954944of the initial effective stress over the entire foundation is
shown in Fig. 8, and negative pressure of 80 kPa is applied
to both sides of the ﬁnite element meshes as the suction
induced by the vertical drain during the vacuum pumping. The
time interval of 1 day is employed for the analysis.
The SYS Cam-clay model, proposed by Asaoka et al. (2002)
is used herein, because the high porosity related to the high
water content in the organic soil can be expressed in terms of
the high degree of the soil structure, and the numerical
computation is performed by means of a soil–water coupled
ﬁnite deformation analysis incorporating the constitutive model.
The SYS Cam-clay model is outlined in Appendix B according
to Asaoka et al. (2002) and Noda et al. (2005). Fig. 9 shows the
loading process for the construction of the embankment and the
history of the vacuum pressure, which is derived from the ﬁeld
observation of the piezometers. According to the value for the
suction in Fig. 8, pore pressure of 80 kPa is applied to all the
elements, except during the period from the 26th to the 31st
days. The values for the soil parameters are shown in Table 1, in
which ν is Poisson's ratio, k is the coefﬁcient of permeability,
1/R0 is the initial degree of overconsolidation, 1=Rn0 is the initial
degree of the structure, Μ is the critical state constant, e0 is the
standard void ratio at p'¼98 kPa, m is the degradation
parameter of the overconsolidated state, a, b, and c are the
degradation parameters of the structure, br is the evolutionparameter of the anisotropy, and mb is the limit of rotation.
Since the foundation deposit, consisting of horizontal layers, is
uniformly loaded by vacuum pressure over the entire region,
the deformation of the ground proceeds in the vertical direction.
The compression index of the clay and the coefﬁcient of
permeability of the organic soil are adopted as the parameters
to be identiﬁed, because two such parameters play a primary
role in evaluating the settlement behavior. Other parameters,
namely, the compression index of the organic soil, the swelling
index of the organic soil, and the swelling index of the clay,
vary with changes in the compression index of the clay based on
the standard consolidation tests, as described in Eqs. (5)–(7).
The permeability of the clay layer is computed as k¼cvmvγw,
where cv is the coefﬁcient of consolidation, mv is the coefﬁcient
of volume compressibility, and γw is the unit weight of water. cv,
mv, γw, and e0 are deduced from ﬁeld measurements and the
laboratory test data are obtained from standard consolidation
tests and the test method for soil density. 1/R0 and 1/R0
n are
determined by taking account of the overconsolidation caused
by deposited snow and the high water content, respectively, and
ν,Μ, a, b, and c are obtained according to the literature (Kaneda
et al., 2009). As the anisotropy of the ground does not develop
during the construction sequence, rotational hardening tensor β,
in Eq. (28) (see Appendix B), is assumed to be zero with br¼0
and mb¼0. In Table 1, the values in the parentheses represent
the initial guess for the identiﬁcation. The initial guess stems
from the results of laboratory tests, as previously mentioned. To
reduce the number of unknown parameters, we create simplify-
ing assumptions that consider the strong relationship between
the compression index and the swelling index from the normal
distribution of λ⧸κ in Fig. 5(a); the two indices, which are
presumed from the laboratory tests, can be expressed as follows:
κo ¼ λo=6:2 ð5Þ
κc ¼ λc=8:3 ð6Þ
where κo, λo, κc, and λc indicate the swelling index, the
compression index of the organic soil, the swelling index, and
the compression index of the clay, respectively.
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954 945Fig. 5(b) plots the relationship between the compression index
and the intercept of the critical state line, that is represented by
Eq. (3), and the mean value of the compression index of the clay
and that of the organic soil are denoted as λc and λo, respectively.
From Fig. 5(b), assuming that the mean values for the compres-
sion indices are directly proportional to each other, a simple
expression is then deduced from the laboratory tests, and the
compression indices, λc and λo, are replaced with λc and λo as
λo=λc ¼ 4:5135 ð7Þ
Therefore, it is advisable to reduce the number of parameters
under the assumption that the compression index of the clay,
λo, is related to three parameters, namely, the swelling index of
the clay, κc, the compression index of the organic soil, λc, and
the swelling index of the organic soil, κo.
The deformation behavior of elasto-plastic geomaterials
displays strong nonlinearity and depends not only on the
values of the parameters, but also on the stress state and the
history, whereby the parameter identiﬁcation of elasto-plastic
models still remains a major challenge. The PF (see Appendix A)
can easily deal with nonlinear state equations and is robust when
employing the Monte Carlo method in conjunction with a
numerical simulation, for example, the soil–water coupled ﬁnite
element analysis with the elasto-plastic model. In particular,
Sequential Importance Sampling (SIS) (Doucet et al., 2000) is
herein employed, since it is much more advantageous for elasto-
plastic problems than other PF methods (Shuku et al., 2012).
200 sets of particles are generated as uniform random
numbers within the range of 0.378≦λc≦1.115 and 5.0 107≦
k≦5.0 106 cm/s. The settlement just beneath the embank-
ment was used as the observation data for the PF up to 139
days, at which time the vacuum pump was interrupted and the
embankment was removed. The diagonal term of the error
covariance matrix, Rij, is assumed as follows (Murakami et al.,
2013):
Rij ¼ ðξSÞ2δij ð8Þ
where S represents the presumed maximum settlement, ξ is the
scalar parameter, and δij is Kronecker's delta. Parameter ξ means
the coefﬁcient of variation in the maximum settlement; it plays a
role in adjusting the information level of the probability density
function of the observation noise, namely, the smaller value for
ξ corresponds to the more informative probability density
function. The values for the scalar parameter are chosen as
0.1, 0.2, and 0.3 in this paper. The system noise is assumed to
be zero throughout the analysis.4. Results and discussion
4.1. Identiﬁcation of geomechanical parameters
In the PF method, variable xt is deﬁned as a state variable in
Eq. (13) and is called a particle. The particles include the
displacements, the pore water pressures, as given in Eq. (17),
and unknown parameters to be identiﬁed. Each particle is
derived from the variable parameters generated by the randomnumbers, as previously mentioned. Details of the computation
are elaborated in Appendix A.
First, the identiﬁcation of the geomechanical parameters
using the PF is discussed. In this chapter, the identiﬁed
compression index of the clay, λc, and the permeability of
the organic soil, k, are exhibited. For the ﬁrst computation, in
order to verify the performance of the PF, the compression
index, to be compared with the identiﬁed parameter, is
obtained through the following process.
Supposing effective stress σ'y(t,z) as a function of depth z at
time t of the ground, the equation is expressed as
σ0y t; zð Þ ¼ σ0y 0; zð ÞþΔσ0y t; zð Þ ð9Þ
where σ'y(0,z) is the initial effective stress at depth z and Δσ'y(t,
z) is the increment in vertical effective stress, and it is
calculated with the following equation:
Δσ0y t; zð Þ ¼ΔUðt; zÞþΔσby t; zð ÞþΔσsy t; zð Þ ð10Þ
where ΔU(t,z) is the increment in pore water pressure, Δσby(t,
z) is the increment in total stress induced by the preloading
embankment, and Δσsy(t,z) is the increment in total stress by
means of the sand mat. ΔU(t,z) is determined from the
measured pore water pressure in the ﬁeld, Δσby(t,z) is given
based on Boussinesq's stress distribution theory, and Δσsy(t,z)
is calculated assuming that the one-dimensional deformation
due to the weight of the sand mat, which is placed over the
entire ground surface, induces the increment in total stress.
Volumetric strain ε(t,z), as a function of depth z and time t,
is given by
ε t; zð Þ ¼ e 0; zð Þe t; zð Þ = 1þe 0; zð Þ  ð11Þ
where e(0,z) and e(t,z) are the initial void ratio and the void
ratio at time t, respectively; they are calculated from Eq. (2)
considering the relation of v¼1þe.
Consequently, total settlement Sa is calculated using the
following expression:
Sa ¼ ∑
zd
z ¼ 0
ε t; zð ÞΔz ð12Þ
where Δz is the depth interval and zd is the depth of the
foundation. In this paper, a Δz of 0.02 m and a zd of 16.0 m are
employed.
The compression index, that minimizes the residual sum of
the squares where the residuals are given by the distance
between the observation settlements and the output value of
Eq. (12), is obtained as 0.4, which is for subsequent compar-
ison with the parameter identiﬁed by the PF. The compression
index from the calculation process is conveniently called
“parameter of one-dimensional approach”.
Fig. 10 shows the time evolution of the identiﬁed para-
meters, which are obtained by the weighted average of the
particles using the computed weight distribution in the PF at
each time. The compression index and the coefﬁcient of
permeability to be identiﬁed using the observation data of
Op1 are shown in Fig. 10(a) and (b), respectively, and the
parameter of the one-dimensional approach is denoted as “one
dimension”. In Fig. 10(a), the discrepancy appears after a lapse
Fig. 11. Filtered distributions of weight using data of Op1 (ξ¼0.1). (a)
Compression index λc after lapse of 100 days, (b) coefﬁcient of permeability k
after lapse of 100 days, (c) compression index λc after lapse of 139 days and
(d) coefﬁcient of permeability k after lapse of 139 days.
Fig. 10. Time evolution of identiﬁed parameters using data of Op1. (a)
Compression index λc and (b) coefﬁcient of permeability k.
Table 2
Parameter values ﬁnally identiﬁed using observation data of Op1.
Scalar parameter of
variance ξ
Coefﬁcient of permeability k
(cm/s)
Compression
index λc
0.1 6.63 107 0.801
0.2 6.68 107 0.808
0.3 7.02 107 0.810
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954946of 16 days among the three cases of ξ values. After a lapse of
80 days, however, constant values are seen for the identiﬁed
parameters, and the identiﬁed parameters reach almost the
same value. Moreover, the compression index for clay is
identiﬁed as being larger than the parameter for the one-
dimensional approach. The identiﬁed parameter varied as time
passed, whereas the parameter for the one-dimensional
approach was constant. The discrepancy between the para-
meter for the one-dimensional approach and the identiﬁed
parameter suggests that the parameter for the one-dimensional
approach tends to underestimate the settlement, while the
identiﬁed parameter increases the estimation accuracy. This
is because the parameter for the one-dimensional approach did
not consider the two-dimensional behavior or the stress history
of the soil. In Fig. 10(b), although different paths are
represented for the identiﬁed parameter values just after the
start, the paths approach the same value. The identiﬁed
parameters, after a lapse of 139 days, are tabulated in Table 2.The weight, related to the likelihood of the particles, is
determined dependently on how close the observed and the
calculated values are to each other. A description of the
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954 947weight, which is deﬁned in Eq. (23), is summarized in
Appendix A. Figs. 11–13 show the ﬁltered distributions of
the weights for λc and k at lapses of 100 and 139 days in casesFig. 12. Filtered distributions of weight using data of Op1 (ξ¼0.2). (a)
Compression index λc after lapse of 100 days, (b) coefﬁcient of permeability k
after lapse of 100 days, (c) compression index λc after lapse of 139 days and
(d) coefﬁcient of permeability k after lapse of 139 days.where the observed data for point Op1 are used; they
correspond to the scalar parameter ξ values of 0.1, 0.2, and
0.3, respectively. The peak value for the weight indicates the highFig. 13. Filtered distributions of weight using data of Op1 (ξ¼0.3). (a)
Compression index λc after lapse of 100 days, (b) coefﬁcient of permeability k
after lapse of 100 days, (c) compression index λc after lapse of 139 days and (d)
Coefﬁcient of permeability k after lapse of 139 days.
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954948likelihood of all the particles. In all of the ﬁgures, the distributions
of weight have a signiﬁcant peak; in particular, the case in which
the value for scalar parameter ξ equals 0.1, presents a very sharp
distribution. In this case, the peak value becomes higher after a
lapse of 139 days than after 100 days. The distribution is updated
following the observation data, and the weight values for the
particles increase gradually with the elapsed time.
In order to check the inﬂuence of the other observation point,
the same parameters are similarly identiﬁed with the aid of the
measured data at the two points. Fig. 14 shows the relationship
between the elapsed time and the values of the parameters during
the identiﬁcation. The identiﬁed values are computed by the
weighted average of the generated particles. The identiﬁed
parameters stay almost constant after a lapse of 80 days, which
is similar to the above results using only one observation point.
The parameter values identiﬁed in 139 days are listed in Table 3.
Figs. 15–17 depict the distributions of the weights at 100
and 139 days, regarding the compression index and the
permeability. It can be seen that the distributions are similarTable 3
Parameter values ﬁnally identiﬁed using observation data of Op1 and Op2.
Scalar parameter of
variance ξ
Coefﬁcient of permeability k
(cm/s)
Compression
index λc
0.1 5.93 107 0.756
0.2 5.94 107 0.756
0.3 6.09 107 0.758
Fig. 14. Time evolution of identiﬁed parameters using data of Op1 and Op2.
(a) Compression index λc and (b) coefﬁcient of permeability k.to those in Figs. 11–13 and are sharply convex. All of these
ﬁgures exhibit higher peaks than those in Figs. 11–13, which
implies that the accurate identiﬁcation has been realized.Fig. 15. Filtered distributions of weight using data of Op1 and Op2 (ξ¼0.1).
(a) Compression index λc after lapse of 100 days, (b) coefﬁcient of
permeability k after lapse of 100 days, (c) compression index λc after lapse
of 139 days and (d) coefﬁcient of permeability k after lapse of 139 days.
Fig. 17. Filtered distributions of weight using data of Op1 and Op2 (ξ¼0.3).
(a) Compression index λc after lapse of 100 days, (b) coefﬁcient of
permeability k after lapse of 100 days, (c) compression index λc after lapse
of 139 days and (d) coefﬁcient of permeability k after lapse of 139 days.
Fig. 16. Filtered distributions of weight using data of Op1 and Op2 (ξ¼0.2).
(a) Compression index λc after lapse of 100 days, (b) coefﬁcient of
permeability k after lapse of 100 days, (c) compression index λc after lapse
of 139 days and (d) coefﬁcient of permeability k after lapse of 139 days.
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954 949The PF is not a parameter optimization method, but gives the
probability density function of parameters without objective
functions; and hence, the value for the weight represents thelikelihood of each particle. The weight of a particle is
determined relatively, not deﬁnitely, among all particles. The
particle with the highest peak of weight does not necessarily
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954950correspond to the best parameters for making the residuals
between the observed and the evaluated values minimum.
Thus, the results of Figs. 15–17 do not necessarily mean a
more accurate identiﬁcation than those in Figs. 11–13.
Fig. 18 compares the simulated results using the identiﬁed
parameters for a ξ of 0.1, which have high peaks in Figs. 11–13
and 15–17. In Fig. 18, the numerical results using the observation
data of only Op1 are close to the simulation results using data of
Op1 and Op2, and both calculated settlements using the identiﬁed
parameters match the ﬁeld observation data well. It is clear,
therefore, that the effectiveness of the PF approach in treating
vacuum consolidation problems has been shown through these
results, particularly in the case of a scalar parameter ξ of 0.1, even
though the number of the observation points was changed.4.2. Prediction of behavior of a ground and a reservoir dyke
Next, the prediction of the ground and the dyke behavior
using the identiﬁed parameters is described. After achievingFig. 19. Finite element mesh
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Fig. 18. Comparison of settlement between results using identiﬁcation para-
meters and corresponding measures. (a) Settlement history at Op1 and (b) Op2.the settlements, the vacuum pump is interrupted and the
preloading embankment is removed, as shown in Fig. 3(d).
Then, the precast retaining wall with the dyke is constructed,
as shown in Fig. 3(e) and (f). The ﬁnite element mesh and the
boundary conditions are given in Fig. 19, while the loading
history of the dyke is given in Fig. 20. The elastic parameters
of the precast retaining wall are listed in Table 4, and the soil
parameters in Table 1 are used for the prediction, where the
identiﬁed parameters are given in lieu of the values in the
parentheses.
Fig. 21 shows the calculated results using the identiﬁed
parameters up to 534 days with the observation data of only
Op1 and the data of both Op1 and Op2. Time A corresponds to
the interruption of the applied vacuum pressure and the removal
of the embankment, time B represents the construction of the
precast retaining wall, and time C is the start of the measure-
ment at the crown of the precast retaining wall. After time A, the
ground heave of the surface is obtained. In both cases, however,
the stable settlement of the surface is shown as time passes. It is
conﬁrmed in Fig. 21 that the magnitude of the settlement after a
lapse of 534 days is equal to or greater than the ground heave of
the surface. The settlement of the ground surface using the
observation data of Op1, after a lapse of 534 days, is shown as a
broken line in Fig. 22. From this ﬁgure, it can be interpreted that
successful predictions of the uniform settlement for all surfaces,
whose average settlement is 1.06 m, are shown.Fig. 20. Load time of backﬁll.
Table 4
Values of concrete parameters.
Parameter Value
E 2.5 1010 (N/m2)
ν 0.2
γ 23.0 (kN/m3)
and boundary conditions.
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Fig. 21. Settlement just beneath embankment and backﬁll in entire process.
Fig. 22. Predicted settlement of ground surface after lapse of 534 days.
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Fig. 23. Comparison of precast retaining wall displacement in crown. (a)
Vertical displacement of crown and (b) horizontal displacement of crown.
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954 951Fig. 23(a) and (b) illustrates the vertical and the horizontal
displacements of the crown, respectively, and the positive
direction is to the left in Fig. 23(b). There is little difference
between the results using the data of Op1 and the data of both
Op1 and Op2. In both cases, the simulated results using the
identiﬁed parameters tend to overestimate the observation data.
This may be because the shallow soil stabilization underneath
the embankment is not considered in the FEM, although the
cement stabilization of soil was conducted up to a depth of
1.0 m from the design surface level for the retaining wall area.
However, there are slight differences between the results of the
analysis and the measured displacement. Accurate results of
the displacements, which are observed from time C, are
obtained even though the identiﬁed parameters are calculated
with the data from the beginning of the measurement until the
interruption of the vacuum pump.
5. Conclusions
This paper has presented a prediction of the actual ground and
dyke behavior of a regulating reservoir in conjunction with a soil–
water coupled FEM using the particle ﬁlter through measured
settlements in a vacuum consolidation problem. The PF was used
to identify the soil parameters for an elasto-plastic problem, and
parameters identiﬁed via the PF were adopted for the prediction.
In the vacuum consolidation project, vacuum pressure was
applied in combination with a preloading embankment, and
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954952after the completion of vacuum consolidation, a reservoir dyke
with a precast retaining wall was constructed on the ground.
The soil investigation and the ﬁeld observation were performed
prior to the construction.
The compression index of the clay and the permeability of the
organic soil are identiﬁed by the PF using the actual settlement
beneath the embankment. The compression index of the organic
soil, the swelling index of the clay, and the swelling index of the
organic soil are closely related to the compression index of the clay
by Eqs. (5), (6), and (7). A comparison between the compression
index, identiﬁed via the PF, and the parameter of the one-
dimensional approach suggested the improvement of the evaluation
even though the number of observation points was changed.
The simulation results using the identiﬁed parameters were close to
the corresponding measurement data; therefore, it has been rev-
ealed that the geomaterial parameters have been identiﬁed with
high accuracy.
In order to predict the ground and the dyke behavior,
computation via the identiﬁed parameters was continued after
the removal of the preloading embankment and the vacuum
pressure. The simulation results for the displacement at the
crown of the precast retaining wall were found to be close to
the actual measurement data; the ground heave was also
simulated. Hence, the simulations using the identiﬁed para-
meters of the PF yielded predictions with high accuracy.Acknowledgments
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Appendix A. Particle ﬁlter
Assume the following nonlinear and non-Gaussian state
space model as
xt ¼ f tðxt1þvtÞ ð13Þ
yt ¼ ht xtð Þþwt ð14Þ
where xt and yt are the state vector and the observation vector,
respectively, and ft and ht are the nonlinear dynamic model
operator and the observation operator, respectively. Vectors vt
and wt represent system noise and observation noise, respec-
tively, whose probabilistic density function (PDF) follows the
normal distribution with an average value of 0 as
vt  N 0;Qtð Þ ð15Þ
wt  N 0;Rtð Þ ð16Þ
where Qt and Rt are predetermined covariance matrices.
In order to apply Eq. (13), the equation for soil–water
coupled problems for the vacuum consolidation method istransformed as follows:
ut
pt
( )
¼
ut 1
pt 1
( )
þ K½  Kv½ 
T
Kv½  θΔt Kh½ 
" #1 _F þ Kv½ T
_Q
 þ 1θð Þ Kh½ pt
( )
þ
vut
vpt
( )
ð17Þ
where [K] is the tangent stiffness matrix of the soil skeleton,
[Kv] is the stiffness matrix due to coupling between the soil
skeleton and the pore pressure, [Kh] is the ﬂuid stiffness
matrix, _F
 
is the force increment vector, _Q
 
is the vector
that denotes the increment in the volume rate of the water ﬂow,
{ut} is the nodal displacement vector at time t, {pt} is the nodal
pore water pressure vector at time t, and θ is the parameter of
the difference within the 0oθo1 range. {vtu} and {vtp} are the
system error vectors for {ut} and{pt}, respectively. The state
vector is shown as follows:
xt ¼ ut; pt
 T ð18Þ
One state variable in {ut} is directly observed; therefore, the
nonlinear observation operator can be written in matrix form as
Ht ¼ 1 0 ⋯ 0
  ð19Þ
We can describe yt¼Ht xt using the above matrix.
The particle ﬁlter considers the PDF of a state xt, and the
PDF is approximated by an ensemble consisting of a large
number of discrete samples which are called particles or
samples. A ﬁltered distribution at time t1, p xt1jy1:t1
 
,
can be written by particles xð1Þt1jt1; x
ð2Þ
t1jt1;
n
:::; xðNÞt1jt1g
and weights wð1Þt1;w
ð2Þ
t1; :::;w
ðNÞ
t1
n o
as
p xt1jy1:t1
  ∑N
i ¼ 1
wðiÞt1δ xt1xðiÞt1jt1
 	
ð20Þ
where δ is Dirac's delta function and N is the number of
particles in the ensemble. Here, y1:t1 is used to represent set
y1; y2; :::; yt1
 
. From this ensemble and the weights, we
obtain an ensemble approximation of the forecast distribution
p xtjy1:t1
 
at the next observation time t as
p xtjy1:t1
  ∑N
i ¼ 1
wðiÞt1δ xtxðiÞtjt1
 	
ð21Þ
Substituting xðiÞt1jt1 into Eq. (13) leads to x
ðiÞ
tjt1. From
forecast distribution p xtjy1:t1
 
and observation yt, we obtain
a ﬁltered PDF p xtjy1:t
 
using Bayes' theorem, as follows:
p xtjy1:t
 ¼ ∑N
i ¼ 1
wðiÞt δ xtxðiÞtjt1
 	
ð22Þ
Weight wt
(i) is deﬁned as
wðiÞt ¼ p ytjxðiÞtjt1
 	
=∑
j
p ytjxðjÞtjt1
 	
ð23Þ
where p ytjxðiÞtjt1
 	
is the likelihood of xðiÞtjt1 given data yt.
Eq. (22) shows that p xtjy1:t
 
is approximated using
particles weighted by wt
(i). Based on Eq. (22), we obtain a
T. Shibata et al. / Soils and Foundations 54 (2014) 938–954 953new ensemble, xð1Þt1jt1; x
ð2Þ
t1jt1;⋯; x
ðNÞ
t1jt1
n o
, with a
weight of wt
(i) for each i.Appendix B. The SYS Cam-clay model
The modiﬁed Cam-clay yield function, which can describe
the anisotropy behavior (Noda et al., 2005), is expressed as
f ~p0; ~ηn
 þ Z t
0
JtrDPdτ¼MD ln ~p
0
~p00
þMD ln M
2þ ~ηn2
M2
þ
Z t
0
JtrDPdτ¼ 0 ð24Þ
where f is the yield function, ~p0 is the projected stress
parameter on the normal surface, ~ηn is the anisotropy stress
ratio, t is the current time, J is the Jacobian determinant of
deformation gradient tensor, D is the stretching tensor,Μ is the
critical state parameter, D is the dilatancy parameter, ~p00 is the
mean effective stress, and Dp is the plastic part of the
stretching tensor.
The superloading surface is assumed to lie above the normal
surface. The similarity ratio of the normal surface to the
superloading surface in terms of stress, denoted by Rn, lies
between zero and one (0oRnr1). The subloading surface is
again assumed to be geometrically similar to the superloading
surface. The similarity ratio of the subloading surface to the
superloading surface in terms of stress, denoted by R, takes the
value between zero and one (0oRr1). Based on Eq. (24),
the current stress state is on the subloading surface as follows:
f p0; ηnð ÞþMD ln RnMD ln Rþ
Z t
0
JtrDPdτ
¼MD ln p0~p0 0 þMD ln
M2þ ηn2
M2
þMD ln Rn
MD ln Rþ
Z t
0
JtrDPdτ¼ 0 ð25Þ
where Rn ¼ ~p0=p0 ¼ ~q=q, R¼ p0=p0 ¼ q=q, and q, p0 and ~q, ~p0
are the projected stress parameters on the superloading and the
normal-yield surfaces and correspond to current stress para-
meters q and p'. The anisotropy stress ratio parameter is
deﬁned by ηn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3η^ U η^=2
p
, where η^ ¼ ηβ, η¼ S=p0,
S¼ T 0 þp0I, I is the unit tensor, and β is the rotational
hardening tensor. Evolution rules for Rn, R, and β are given
as follows:
_R
n ¼ JUn‖Dp‖;Un ¼ a
D
Rnb 1Rn c ð26Þ
_R¼ JU‖Dp‖;U ¼  m
D
ln R ð27Þ
β
1 ¼ J br
D
ﬃﬃﬃ
2
3
r
‖DpS‖‖η^‖ mb
η^
‖η^‖
β
 
ð28Þ
where m is the degradation parameter of the overconsolidated
state, a, b, and c are the degradation of the parameters of the
structure, mb is the limit of rotation, and br is the evolution
parameter of anisotropy.The plastic multiplier, λ, is obtained by the associated ﬂow
rule, namely,
λ¼ ∂f =∂T UT
3 0
JðMD=p0ðM2þηn2ÞÞðM2s η2Þ
ð29Þ
where
M2s ¼M2aþbr
4Mηn2
M2þηn2 mbη
n
ﬃﬃﬃ
3
2
r
η^ Uβ
 !
MD U
n
Rn
 U
R
  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
6ηn2þ 1
3
M2aη2
 2r ð30Þ
M2a ¼M2þξ2; ξ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
βUβ
r
¼
ﬃﬃﬃ
3
2
r
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